Activation of CB 1 receptors on axon terminals by exogenous cannabinoids (eg, D 9 -tetrahydrocannabinol) and by endogenous cannabinoids (endocannabinoids) released by postsynaptic neurons leads to presynaptic inhibition of neurotransmission. The aim of this study was to characterize the effect of cannabinoids on GABAergic synaptic transmission in the human neocortex. Brain slices were prepared from neocortical tissues surgically removed to eliminate epileptogenic foci. Spontaneous GABAergic inhibitory postsynaptic currents (sIPSCs) were recorded in putative pyramidal neurons using patch-clamp techniques. To enhance the activity of cannabinoidsensitive presynaptic axons, muscarinic receptors were continuously stimulated by carbachol. The synthetic cannabinoid receptor agonist WIN55212-2 decreased the cumulative amplitude of sIPSCs. The CB 1 antagonist rimonabant prevented this effect, verifying the involvement of CB 1 receptors. WIN55212-2 decreased the frequency of miniature IPSCs (mIPSCs) recorded in the presence of tetrodotoxin, but did not change their amplitude, indicating that the neurotransmission was inhibited presynaptically. Depolarization of postsynaptic pyramidal neurons induced a suppression of sIPSCs. As rimonabant prevented this suppression, it is very likely that it was due to endocannabinods acting on CB 1 receptors. This is the first demonstration that an exogenous cannabinoid inhibits synaptic transmission in the human neocortex and that endocannabinoids released by postsynaptic neurons suppress synaptic transmission in the human brain. Interferences of cannabinoid agonists and antagonists with synaptic transmission in the cortex may explain the cognitive and memory deficits elicited by these drugs.
INTRODUCTION
The Ga i/o protein-coupled CB 1 cannabinoid receptor is probably the most abundant G protein-coupled receptor in the central nervous system. It is the primary neuronal target of the phytocannabinoid D 9 -tetrahydrocannabinol and endogenous cannabinoids (endocannabinoids) (Pertwee, 2005; Pertwee et al, 2010) . Activation of CB 1 receptors leads to presynaptic inhibition of synaptic transmission in many regions of the central and peripheral nervous system (Freund et al, 2003; Szabo and Schlicker, 2005) .
Endocannabinoids and CB 1 receptors have a physiological role in both short-and long-term regulation of the strength of synaptic transmission. As a form of retrograde signaling, endocannabinoids are released from postsynaptic neurons, diffuse to presynaptic axon terminals, and there they inhibit GABA or glutamate release by acting on presynaptic CB 1 receptors (for review, see Alger (2002) , Lovinger (2008) , Heifets and Castillo (2009) , and Kano et al (2009) ).
Endocannabinoid production in postsynaptic neurons can be triggered in several ways. Depolarization of postsynaptic neurons activates voltage-gated calcium channels and the increase in intracellular calcium concentration is a trigger of endocannabinoid production (Ohno-Shosaku et al, 2001; Wilson and Nicoll, 2001; Wallmichrath and Szabo, 2002; Kim and Alger, 2004; Szabo et al, 2006) . Endocannabinoid production can also be triggered by activation of certain Ga q/11 protein-coupled receptors on postsynaptic neurons Galante and Diana, 2004; Straiker and Mackie, 2007) . A combination of depolarization-elicited calcium influx with activation of Ga q/11 protein-coupled receptors is an especially powerful trigger of endocannabinoid production and occurs physiologically during activation of glutamatergic synapses (Brown et al, 2003; Marcaggi and Attwell, 2005; Rancz and Häusser, 2006) .
There are only a handful of publications on how activation of CB 1 receptors affects synaptic function in the human brain (for review, see Raiteri, 2006) . It has been shown in neurochemical experiments that exogenous cannabinoids inhibit the release of radiolabeled acetylcholine (Steffens et al, 2003b) , GABA (Katona et al, 2000) , noradrenaline (Schlicker et al, 1997) , and dopamine (Steffens et al, 2004 ) from axon terminals in human brain slices. To our knowledge, there is only one study in which the effect of an exogenous cannabinoid on 'synaptic transmission' (instead of chemically measured transmitter release) in the human brain has been examined: Nakatsuka et al (2003) have shown that an exogenous cannabinoid agonist inhibits GABAergic synaptic transmission in the hippocampus. Importantly, endocannabinoid-mediated retrograde signaling in the human brain has not yet been reported.
Therefore, the aim of this study was to determine how exogenous cannabinoids and endocannabinoids released by postsynaptic neurons affect GABAergic synaptic transmission in the human neocortex. Neuroanatomical and positron emission tomography studies have demonstrated that CB 1 receptor mRNA and protein occur in most layers of the human neocortex (Westlake et al, 1994; Lopez de Jesus et al, 2006; van Laere et al, 2008; Eggan et al, 2010) . We studied synaptic transmission using patch-clamp electrophysiological methods in cortical tissue removed during neurosurgery to eliminate epileptogenic foci.
MATERIALS AND METHODS
The experimental protocol was approved by the Ethics Committee of the University Hospital of the AlbertLudwigs-Universität Freiburg (file no. 100020/09) and authorized in written form by every patient or his/her legal representative. Conformity with the Declaration of Helsinki (1964) was ensured. The methods were similar to those described previously (Steffens et al, 2003b; Freiman et al, 2006; Kovacs et al, 2011) .
Brain Slices
Tissue was obtained from 18 patients (age range: 3-55 years) undergoing surgery because of pharmacoresistant epilepsy. After premedication with midazolam, anesthesia was performed with propofol plus fentanyl. Cisatracurium was used for muscle relaxation. To eliminate seizures, epileptic lesions (focal cortical dysplasia, hamartoma, or encephalocele) in non-eloquent brain areas were removed with a safety margin toward the non-affected neocortex. The blood vessels of the small cortical areas were preserved during the operation until the final removal of the specimen. After removal, the tissue was immediately immersed in ice-cold physiological saline and dissected: only tissue within the safety margin and appearing macroscopically unaffected by the underlying disease process was used.
The tissue was then transported to the Department of Pharmacology in ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (mM): NaCl 126, NaH 2 PO 4 1.2, KCl 3, MgCl 2 5, CaCl 2 1, NaHCO 3 26, glucose 20, Na-lactate 4, pH 7.3-7.4 (after the solution was gassed with 95% O 2 /5% CO 2 ). The same ACSF was used for cutting 250-300 mm-thick slices containing all neocortical layers using a Leica VT1000S vibrating tissue slicer (Wetzlar, Germany). After cutting, slices were stored in a Gibb chamber containing ACSF of the following composition (mM): NaCl 126, NaH 2 PO 4 1.2, KCl 3, MgCl 2 1, CaCl 2 2.5, NaHCO 3 26, glucose 10, Na-lactate 4, pH 7.3-7.4. For patch clamping, brain slices were superfused with ACSF at 20-24 1C at a flow rate of 1.5 ml/min with ACSF of the following composition (mM): NaCl 126, NaH 2 PO 4 1.2, KCl 3, MgCl 2 1, CaCl 2 2.5, NaHCO 3 26, glucose 10, pH 7.3-7.4.
Three potential problems regarding the cortical tissue we used must be discussed: (1) The cortical tissue might have been pathologically affected. All neocortical specimens used in this study were obtained from patients with strictly localized epileptogenic lesions; tissues from patients with generalized epileptogenic lesions (eg, those requiring a hemispherotomy for seizure freedom) were not included. Moreover, the brain slices were always prepared from the presumably intact margin of the removed tissue. (2) The concentration of the endocannabinoid 2-arachidonoylglycerol in the brain greatly increases after death (see Buczynski and Parsons (2010) for review on the post mortem change in endocannabinoid levels). As mentioned, blood vessels to the small cortical areas were preserved during the operation until final removal of the tissue. As the 'warm' ischemic period was very short, a major post mortem change in endocannabinoid levels is not expected. (3) Antiepileptic drugs and the drugs used for anesthesia (such as midazolam, propofol, fentanyl, cisatracurium) may interfere with components of the endocannabinoid system. For example, propofol inhibits the anandamidemetabolizing enzyme fatty acid amide hydrolase with an IC 50 ¼ 1.4 Â 10 À5 M (Patel et al, 2003) , a concentration similar to the propofol plasma concentration during anesthesia (1.7-3.4 Â 10 À5 M). However, it is unlikely that these drugs affected our results. Thus, if applicable, antiepileptic drugs were withdrawn some days before surgery. Moreover, it is very likely that any drug remaining in the brain from the presurgical pharmacotherapy or from anesthesia was washed out of the brain slices during the 42 h preceding electrophysiological recordings. During this period, the incubation buffer was changed several times.
Patch Clamping
Neurons in slices were visualized with infrared video microscopy ( Figure 1a) , and patch-clamp recordings were obtained using an EPC-9 amplifier under the control of TIDA software (HEKA Elektronik, Lambrecht, Germany). Series resistance compensation of 50% was usually applied. Series resistance was measured before and after recordings and experiments with major changes in series resistance (420%) were discarded. Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded at a holding potential of À70 mV with pipettes (2.5-5 MO) containing (mM): CsCl 147, MgCl 2 1, HEPES 10, EGTA 1, ATP-Na 2 4, GTP-Na 0.4, N-ethyl-lidocaine Cl2, pH 7.4. The superfusion ACSF contained the glutamate receptor antagonists DNQX (10 À5 M) and DL-AP5 (2.5 Â 10 À5 M). Miniature IPSCs (mIPSCs) were recorded similarly, but tetrodotoxin (3 Â 10 À7 M) was included in the superfusion ACSF. sIPSCs and mIPSCs were detected using the MiniAnalysis software (version 6.0.3; Synaptosoft, Decatur, GA, USA). Amplitudes and recording times of sIPSCs and mIPSCs were transferred for further calculations from MiniAnalysis to SigmaPlot (version 10.0; Systat, San Jose, CA, USA). Cumulative sIPSC amplitudes were calculated by summating amplitudes of all events within 10-120 s periods.
Protocols and Statistics
Recordings started 15-20 min after establishment of the whole-cell configuration. Cumulative sIPSC amplitudes and mIPSC amplitudes and frequencies were expressed as percentages of the initial reference values (PRE in the figures).
Several slices can be prepared from the cortical tissue of a patient, and several recordings can be performed on a patch-clamped neuron within a slice. Each statistical group within the figures contains data obtained on brain slices of 5-8 patients. In the experiments shown in Figures 1-5 , only one recording per slice and neuron was performed. In the experiments shown in Figure 6 , up to four recordings were performed on a neuron in a brain slice.
Means ± SEM are given throughout. Non-parametric statistical tests included in the statistical software SPSS/ PASW (version 18.0.0; SPSS, Chicago, IL, USA) were used to identify significant differences. The two-tailed MannWhitney test was used for comparisons between groups; significant differences are indicated by *. The two-tailed Wilcoxon's signed-rank test and the Kolmogorov-Smirnov test were used for comparisons within groups (vs PRE); significant differences are indicated by filled symbols or by #. Po0.05 was considered the limit of statistical significance, and only this level is indicated, even if P was o0.01 or o0.001. 
Rimonabant, WIN55212-2, DNQX, and bicuculline were dissolved in dimethylsulphoxide (DMSO), and stock solutions were stored at À32 1C. Further dilutions were made with superfusion buffer; the final concentration of DMSO in the superfusion fluid was p1 ml/l. Control solutions ('solvent' in the figures) always contained the appropriate concentrations of DMSO.
RESULTS

Characterization of Human Neocortical Brain Slices
Neurons with pyramid-shaped somata were selected for patch clamping (Figure 1a ). These neurons usually had a thick apical dendrite, and their smaller diameter was 410 mm. The electrophysiological properties of these putative pyramidal neurons were characterized using pipettes containing a potassium gluconate-based solution (Figure 1b-1d ). In the voltage-clamp mode, depolarizing steps always elicited typical voltage-gated sodium channelmediated currents (Figure 1b) . The currents were inhibited by tetrodotoxin (3 Â 10 À7 M; not shown). When recorded in the current-clamp mode without additional current injection, most pyramidal neurons were silent. Injecting increasing depolarizing currents elicited action potentials at increasing frequencies (Figure 1c) . The maximal rate of firing was B70 Hz (Figure 1c2 ). Similar to our observations, most human neocortical neurons were silent in previous shows an original recording, b2 the average of 100 sIPSCs, and b3 the statistical analysis. The cumulative amplitude of sIPSCs was calculated for 1-min periods, and values were expressed as percentages of the values determined during the initial reference period (PRE). Means ± SEM of nine experiments. A filled symbol indicates significant difference (Po0.05; Wilcoxon's signed-rank test) from the initial reference value (PRE). (c1 and c2) Varying the membrane potential of the recorded neuron led to changes in sIPSC amplitude and polarity. c1 shows an original recording, c2 the statistical analysis. The reversal potential of sIPSCs (8.3 mV) was fairly near to the calculated chloride equilibrium potential (À0.6 mV). Means ± SEM of six experiments. studies using microelectrode recordings (Schwartzkroin et al, 1983; Koch et al, 2005) . In most studied pyramidal neurons, hyperpolarizing current injections elicited depolarizing potential sags, and rebound action potentials appeared after the hyperpolarizing currents (Figure 1d ).
The depolarizing sags were most probably due to I h currents through hyperpolarization-activated cyclic nucleotide-gated cation channels (HCNs). Thus, although the neurosurgical removal of human cortical tissue is far from optimal for patch-clamp electrophysiological experiments, the neurons in the brain slices appeared to be in good condition, firing action potentials at high frequencies and showing I h currents.
When pyramidal neurons were patch clamped with pipettes containing a cesium chloride-based solution, and their membrane potential was clamped to À70 mV, spontaneous GABAergic inhibitory postsynaptic currents (sIPSCs) were observed (Figure 2b1 and b2) . The cumulative amplitude of sIPSCs was 17.4 ± 5.9 nA/60 s (n ¼ 11) at the beginning of the recordings. The GABA A receptor antagonist bicuculline abolished the sIPSCs (Figure 2b1 and  b3) . Varying the holding potential of pyramidal neurons led to changes in the amplitude and direction of sIPSCs (Figure 2c1 ). Statistical evaluation showed that the reversal potential of sIPSCs was at 8.3 mV (Figure 2c2 ). The fact that this value is fairly close to the calculated chloride equilibrium potential (À0.6 mV) indicates that chloride was the dominant charge carrier of sIPSCs. Thus, it is possible to record GABA A receptor-mediated synaptic events in pyramidal neurons of the human neocortex. (Trettel et al, 2004; Hill et al, 2007) . Figure 2a illustrates this situation by showing, for the sake of simplicity, only two kinds of interneurons. We wanted to increase the proportion of sIPSCs from those neurons which possess CB 1 receptors, as has been done in previous experiments in mouse and rat brain slices (Trettel et al, 2004; Hill et al, 2007) . For this purpose, we superfused the muscarinic agonist carbachol. Carbachol (5 Â 10 À6 M) strongly increased the frequency of sIPSCs (Figure 3) . All further experiments, in which the effects of cannabinoids were studied, were carried out in the presence of carbachol (5 Â 10 À6 M).
Effect of the Muscarinic Acetylcoline Receptor Agonist Carbachol on GABAergic Synaptic Transmission
Effect of the Exogenous Cannabinoid Agonist WIN55212-2 on GABAergic Synaptic Transmission
sIPSCs were recorded for 40 min. The cumulative amplitude of sIPSCs remained constant during superfusion of solvent (Figure 4a ). The synthetic CB 1 /CB 2 cannabinoid receptor agonist WIN55212-2 (5 Â 10 À6 M) decreased the cumulative amplitude of sIPSCs by B50% (Figure 4a ). Maximal inhibition was reached after B20 min. It has been repeatedly observed in the past that the effects of cannabinoids develop slowly in brain slices, probably due to the high lipophilicity of cannabinoids (Szabo et al, 1998; Brown et al, 2004) .
To identify the receptor activated by WIN55212-2, interaction with the CB 1 receptor antagonist rimonabant was tested (Figure 4b ). Rimonabant (10 À6 M), when superfused alone, did not change the cumulative amplitude of sIPSCs (Figure 4b ). This observation indicates that CB 1 receptors influencing GABAergic synaptic transmission were not tonically activated by endocannabinoids. When WIN55212-2 was superfused in the presence of rimonabant, it no longer decreased the cumulative amplitude of sIPSCs (Figure 4b ). Thus, it is very likely that WIN55212-2 inhibited GABAergic synaptic transmission (Figure 4a ) by activating CB 1 receptors.
During the next phase, we wanted to determine whether the cannabinoid agonist inhibited synaptic transmission by a presynaptic or a postsynaptic action. To this aim, we observed the effect of WIN55212-2 on mIPSCs. mIPSCs were isolated by including the voltage-gated sodium channel inhibitor tetrodotoxin in the superfusion buffer. During the initial reference period PRE, mIPSCs had a frequency of 2.13 ± 0.40 Hz (n ¼ 13) and an amplitude of 50±2 pA (n ¼ 13). In slices superfused with solvent, the frequency and amplitude of mIPSCs remained constant (Figure 5a and b) . Superfusion of WIN55212-2 decreased the frequency of mIPSCs, but did not change their amplitude (Figure 5a and b). WIN55212-2 caused a shift in the cumulative probability distribution plot of mIPSC interevent intervals (Figure 5c ), confirming the lowering of the frequency. In contrast, the cumulative probability distribution plot of mIPSC amplitudes was not changed (Figure 5d ). The lowering of the frequency of mIPSCs indicates that the cannabinoid acted at the presynaptic axon terminal. The lack of effect on the amplitude of mIPSCs means that the cannabinoid did not modify the effect of released GABA on the postsynaptic neuron.
Endocannabinoid-Mediated Suppression of GABAergic Synaptic Transmission
sIPSCs were recorded for 200 s (Figure 6 ). After 60 s, 9 depolarizing pulses (from À70 to 0 mV for 100 ms) were applied at 1 Hz. In the presence of solvent, this depolarization suppressed the cumulative amplitude of sIPSCs to 76% of PRE (Figure 6a and b) . This means that depolarizationinduced suppression of (GABAergic) inhibition (DSI) occurred. In the presence of the CB 1 receptor antagonist rimonabant, depolarization did not induce suppression (Figure 6a and c) , indicating involvement of endocannabinoids and CB 1 receptors in the suppression.
Age Dependency of Effects
The age of patients varied within the wide range of 3-55 years. Conceivably, the effects of exogenous and endogenous cannabinoids may change with age. Therefore, we examined whether a correlation exists between age and the effects of cannabinoids. There was no significant correlation between age and the inhibition of sIPSCs by WIN55212-2 (R ¼ 0.19; P ¼ 0.76; n ¼ 5 patients; experiments shown in Figure 4a ). Similarly, there was no significant correlation between age and the magnitude of endocannabinoidmediated depolarization-induced suppression of inhibitory synaptic transmission (DSI) (R ¼ 0.38; P ¼ 0.35; n ¼ 8 patients; experiments shown in Figure 6a) . Thus, the effects of an exogenous cannabinoid on synaptic activity and endocannabinoid-mediated synaptic plasticity do not greatly change with age.
DISCUSSION
The human neocortical tissue appeared to be suitable for electrophysiological studies. An exogenous cannabinoid agonist inhibited GABAergic synaptic transmission through CB 1 cannabinoid receptors. Depolarization of postsynaptic neurons elicited endocannabinoid-and CB 1 receptor-mediated retrograde synaptic signaling. To our knowledge, this is the first study, which shows the effect of a cannabinoid agonist on synaptic transmission in the human neocortex, and the first study which shows endocannabinoid-mediated synaptic plasticity in the human brain.
For patch-clamp studies on neurons in rat and mouse brain slices, usually young animals are used (ideally, younger than 20 days of age), the brain is quickly removed from the skull (ideally, within 1 min after decapitation), immediately placed in ice-cold ASCF, and handled mechanically very cautiously (Edwards and Konnerth, 1992; Stuart et al, 1993) . Obviously, these requirements cannot be fulfilled during neurosurgical operations concentrating on removal of pathological structures. Despite this disadvantage, the cortical tissue becoming available for our electrophysiological study was in surprisingly good condition. Thus, many neurons had properly functioning voltage-gated sodium channels and HCN channels. The membrane potential of the neurons was also normal, and the neurons were able to fire action potentials at high rates. Moreover, spontaneous GABAergic synaptic input to patched-clamped neurons was also recordable. It is unlikely that levels of endocannabinoids artificially increased in the cortical pieces during their surgical preparation and removal, because rimonabant alone did not increase GABAergic transmission in the slices. However, one disadvantage of recording from human brain slices was evident: the visibility of neurons within human brain slices was clearly worse than in brain slices of young mice and rats. This hampered exact identification and localization of neurons within the human cortex. However, we are confident that, despite this poor visibility, most of the recorded neurons were pyramidal neurons. Another disadvantage of the human cortical tissue is its restricted availability, preventing large series of experiments. Accordingly, feasible studies on this tissue are mostly of translational character: they can test whether phenomena occurring in the brains of laboratory animals also occur in the human brain. Electrophysiological recordings from human neocortical slicesFmostly with intracellular microelectrodesFhave been successfully carried out in the past, and many of these studies focused on epileptogenic mechanisms (for review, see Avoli and Williamson (1996) and Köhling and Avoli (2006) ).
The synthetic cannabinoid agonist WIN55212-2 decreased the spontaneous GABAergic synaptic input to cortical pyramidal neurons. WIN55212-2 is a mixed CB 1 / CB 2 receptor agonist, without affinity for a long range of receptors and ion channels (Kuster et al, 1993; Pertwee, 2005) . An involvement of CB 1 receptors in the synaptic inhibition in our experiments is strongly supported by antagonism of the effects of WIN55212-2 by the CB 1 -selective antagonist rimonabant (Rinaldi-Carmona et al, 1994; Pertwee, 2005) . Involvement of CB 2 receptors in the effect of WIN55212-2 in these experiments is unlikely, because the density of CB 2 receptors is generally very low in the brain, and CB 2 receptors are mostly localized on microglial cells and astrocytes (Munro et al, 1993; Fernandez-Ruiz et al, 2007) . However, it must be noted that neuronal CB 2 receptors at low densities were observed in some brain regions recently (van Sickle et al, 2005; Gong et al, 2006; Brusco et al, 2008; Suarez et al, 2008; Lanciego et al, 2011) .
Our study extends previous observations made on the mouse and rat cortex to the human cortex. Thus, it has been observed in mouse and rat brain slices that activation of CB 1 cannabinoid receptors by exogenous agonists leads to inhibition of the GABAergic synaptic input to cortical layer II-III pyramidal neurons (Trettel and Levine, 2002; Bodor et al, 2005; Lemtiri-Chlieh and Levine, 2007; Hill et al, 2007; Chiu et al, 2010) . Interestingly, the GABAergic input to layer V pyramidal neurons was less affected by cannabinoids (Bodor et al, 2005; Fortin and Levine, 2007) .
Theoretically, WIN55212-2 can decrease the spontaneous GABAergic synaptic input to cortical pyramidal neurons by the following three mechanisms: (1) WIN55212-2 may decrease the firing rate of the afferent GABAergic cortical interneurons (somatodendritic effect). This mechanism is possible, because cannabinoids cause somatodendritic inhibition in some neurons (Kreitzer et al, 2002; Bacci et al, 2004) . Remarkably, however, cannabinoids do not elicit somatodendritic inhibition in many CB 1 receptor-bearing neurons (Szabo et al, 2004; Freiman and Szabo, 2005; Freiman et al, 2006) . (2) WIN55212-2 may decrease GABA release from the axon terminals (presynaptic inhibition). Presynaptic inhibition in these experiments was verified by the observation that WIN55212-2 decreased mIPSC frequency. The result indicates that the vesicle release machinery in the presynaptic axon terminal was directly inhibited. (3) WIN55212-2 may interfere with the effect of released GABA on postsynaptic neurons (postsynaptic inhibition). The lack of effect of WIN55212-2 on mIPSC amplitude argues against a postsynaptic inhibition. The observed presynaptic inhibition is in line with the overwhelming evidence in the literature. Thus, to our knowledge, cannabinoids always inhibited synaptic transmission with a presynaptic mechanism (for review, see Szabo and Schlicker (2005) ). The localization of CB 1 receptors is compatible with a presynaptic action, namely several classes of afferent inhibitory neurons of cortical pyramidal neurons express CB 1 receptors, and the CB 1 receptors appear at the axon terminals of these interneurons (Marsicano and Lutz, 1999; Bodor et al, 2005; Hill et al, 2007; Wedzony and Cochyk, 2009) .
Depolarization of human cortical pyramidal neurons elicited a suppression of the GABAergic input to these neurons, ie, DSI occurred. Very likely, endocannabinoids and CB 1 receptors were involved, because DSI was abolished by the CB 1 antagonist rimonabant. Endocannabinoidmediated DSI has been observed in layer II-III pyramidal neurons in mouse and rat cortices (Trettel and Levine, 2003; Trettel et al, 2004; Bodor et al, 2005; Hill et al, 2007; LemtiriChlieh and Levine, 2007; Galarreta et al, 2008) . Interestingly, the GABAergic input to layer V pyramidal neurons was less prone to endocannabinoid-mediated suppression (Bodor et al, 2005; Fortin and Levine, 2007) .
The identity of the endocannabinoid mediating DSI in the human neocortex in this study is not known. However, it has been shown previously with biochemical methods that anandamide is synthesized and degraded in the human neocortex (Steffens et al, 2003a; Steffens et al, 2005) . It is also known that in the human hippocampus ('archicortex,' the enzymes for synthesis and degradation of anandamide (N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D and fatty acid amide hydrolase) and 2-arachidonoylglycerol (diacylglycerol lipase, monoacylglycerol lipase, and a/b-hydrolase 6) are present (Ludanyi et al, 2008; Mulder et al, 2011) .
All cannabinoid experiments were performed in the presence of the muscarinic receptor agonist carbachol (5 Â 10 À6 M), to increase the activity of those cortical GABAergic interneurons that possess CB 1 receptors. It is believed that carbachol stimulates GABA release from these interneurons by acting on muscarinic receptors in their somatodendritic region (Kawaguchi, 1997; Kondo and Kawaguchi, 2001; Trettel et al, 2004 ). An involvement of nicotinic acetylcholine receptors is unlikely, because higher carbachol concentrations are necessary to activate these receptors (Koos and Tepper, 2002) . Carbachol could have interfered with the effects of cannabinoids in two ways. First, it is likely that inhibition of the GABAergic input to pyramidal cells by exogenous and endogenous cannabinoids was enhanced, because carbachol increased the contribution of CB 1 receptor-bearing GABAergic axons to the GABAergic input to pyramidal cells. Second, it is possible that carbachol, by acting on Ga q/11 protein-coupled M 1 and M 3 muscarinic receptors of postsynaptic pyramidal neurons potentiated DSI, as it was shown previously in the hippocampus and the striatum of rodents (Kim et al, 2002; Ohno-Shosaku et al, 2003; Narushima et al, 2007) .
Rimonabant alone did not increase the GABAergic input to pyramidal neurons in these experiments, indicating that the GABAergic input is not tonically inhibited by endocannabinoids in the brain slice. In a previous study (Steffens et al, 2003b) , rimonabant increased acetylcholine release in human neocortical brain slices under a certain condition (acetylcholine release was elicited by field stimulation using 26 electrical pulses at 0.1 Hz), pointing to tonic inhibition by endocannabinoids. It is very likely that endocannabinoid production was triggered by this specific electrical stimulation, because endocannabinoid-mediated tonic inhibition did not occur in experiments with different stimulation parameters (8 bursts at 0.02 Hz (a burst consisting of 4 electrical pulses at 100 Hz) (Steffens et al, 2003b) .
The cortical tissue used in our study was neurosurgically removed to eliminate the epileptogenic focus, and the brain slices were prepared from the presumably intact, pathologically not affected margin of the removed tissue. Levels of mRNA for the CB 1 receptor and the endocannabinoidsynthesizing enzyme diacylglycerol lipase-a are decreased in the epileptic human hippocampus (Ludanyi et al, 2008) . If a similar decrease in the levels of these proteins also occurred in the cortex of epileptic patients in our study (which we cannot fully exclude), then the magnitude of synaptic inhibition by the exogenous cannabinoid and the magnitude of endocannabinoid-mediated retrograde signaling are underestimated in our study.
Fitzgerald et al (2009) determined short-interval cortical inhibition (SICI) of motor evoked potentials elicited by transcranial magnetic stimulation in awake humans. SICI was attenuated in cannabis users, and one of the interpretations was that GABA A receptor-mediated synaptic transmission was inhibited by cannabinoids in the cortex (Fitzgerald et al, 2009) . Inhibition of GABA A receptor-mediated synaptic transmission by a cannabinoid in the human cortex in vitro, as demonstrated in our study at the monosynaptic level, may be the basis of the effect observed in vivo by Fitzgerald et al (2009) .
Our observations are clinically relevant. The inhibition of synaptic transmission in the human cortex by cannabinoids shown in this study probably has a role in the impairment of perception and cognitive function occurring acutely after inhalation of cannabinoids (D'Souza et al, 2004; Ramaekers et al, 2006 ; for review, see Murray et al (2007) ). We also demonstrated that the CB 1 receptor antagonist rimonabant disrupts DSI in the human cortex, a form of short-term synaptic plasticity. Therefore, it is expected that rimonabant and other CB 1 antagonists, considered to be useful for the treatment of obesity and type 2 diabetes mellitus, will interfere with cortical information processing. Remarkably, rimonabant elicits adverse psychiatric reactions (Christensen et al, 2007) , and this contributed to its withdrawal from clinical use.
